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Molecular Dynamics Simulations of Colloids in Single Solid-State
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1Lawrence Livermore National Lab, Livermore, CA, USA, 2University of
California Irvine, Irvine, CA, USA.
The transport of biomolecules and small particles such as viruses through
constrained geometries is critical to understand for efficient molecular separa-
tions, detection and selective binding for biomedical and biodefense applica-
tions. To develop improved capabilities for isolating and controlling both
particles and molecules, there is a need for models developed by computational
techniques and matched by well-integrated experiments. Here, we use molec-
ular dynamics simulations to study the flow of colloidal silica particles (diam-
eter ~50-100 nm) through cylindrical nanopores with diameter 200nm, and
lengths 50-100 nm. Particle translocation is investigated in the presence of
an applied electric field. We demonstrate the molecular origin of the pore resis-
tance change that occurs once the colloid is inside the pore. The rate at which
particles transit the nanopore is highly dependent on the dispersion forces and
the electric field, which is in turn a function of both the applied voltage and the
pore geometry. Models are supported by experimental findings obtained with
resistive pulse sensing.
This work was performed under the auspices of the U.S. Department of Energy
by Lawrence Livermore National Laboratory under Contract DE-AC52-
07NA27344, LLNL-ABS-644260.
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Bacterial Microcompartments (BMCs) are proteinaceous organelles that
sequester key metabolic reactions to increase enzymatic efficiency and prevent
the loss of volatile or cytotoxic intermediates. 7 distinct BMC-type operons
have been identified in 20-25% of bacteria, including BMCs involved in carbon
fixation, propanediol catabolism, and ethanolamine catabolism. Ranging from
100 to 150 nm in width, BMCs are encapsulated in a protein shell consisting
of hexagonal tiles of the conserved BMC-fold proteins. The BMC-fold pro-
teins homo-oligomerize into hexameric or pseudo-hexameric assemblies with
unique functionalities. High resolution X-ray determined structures have previ-
ously elucidated the organization and tiling interactions of several shell
proteins from BMCs. However, it remains unknown how small molecule
metabolites may enter or exit the BMC, passing through the protein shell;
nor how intermediates may be trapped inside. Here, we present initial findings
using current methods in Molecular Dynamics to investigate BMC shell pores,
including: (1) Metadynamics and Umbrella Sampling to probe the free energy
profile of small molecule metabolites at predicted routes through BMC shell
protein hexamer pores; (2) Accelerated MD and Targeted MD to observe the
conformational change between BMC shell protein pseudo-hexamers that
have been solved in open and closed pore conformations. These experiments
shed insight on BMC shell pore dynamics and function, furthering our under-
standing of BMC systems.
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All-Atoms Md Simulation of Protein Translocation through a-Hemolysin
Nanopore: Implications for Protein Sequence/Structural Analyses
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The cell isolation from the external environment and the cellular compartmen-
talization is due to the presence of membranes composed by phospholipidic
bilayers. Different proteins that play numerous biological functions are present
in the membrane. These proteins are mainly involved in the communication
between the cell and the external environment and between the different
cellular compartments. Some of them form pores into the lipid bilayer that
allow the translocation of molecules of different size and with different
chemical-physical properties. The transport of these molecules across the mem-
brane is crucial for the cellular survival. This feature of the membrane proteins
has been extensively studied in order to use them as nanopores in biochemical
and industrial fields.
During the last decades nanopores have been exploited in the development of
new techniques for nucleic acids sequencing. Much less effort has been dedi-
cated to protein and polypeptide analysis using nanopores. Only in the last
years pioneering studies appeared in the literature suggesting potentially revo-lutionary applications in the study of protein sequence and structure. Recent
experimental data have demonstrated that, in order to be translocated across
nanopores, proteins must be unfolded, with the unfolding process occurring
through a multi-step mechanism. It has been observed, for instance, that the
transport of the thioredoxin through the a-hemolysin nanopore occurs via a
four steps process.
In this work, all atom molecular dynamics simulations of the thioredoxin trans-
location across the a-hemolysin nanopore have been performed. The data
obtained allowed the description of the molecular mechanisms at the basis of
the protein transport at the atomic level. Our results allowed us to gain a deeper
knowledge regarding the translocation of protein through nanopores, useful for
the development of nanopore based applications for several crucial biochemical
analyses.
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Coarse-Grained Modeling of DNA-Vesicle Systems with the Martini Force
Field
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Computational modeling of DNA is a prime example of both recent advances in
force field development as well as lingering difficulties in MD simulations.
Coarse-grained models reduce the number of particles in the system and in-
crease the available time and length scales of MD simulations [1]. However,
most of the coarse-grained DNA models handle just DNA or, at most, only a
few other classes of biomolecules which limits the range of applications for
which they can be used. We are developing a coarse-grained model for DNA
that is compatible with the Martini force field [2] and, thus, allows simulation
studies of various DNA/biomolecular systems. We present the implementation
of the current Martini DNA model and compare it to atomistic simulations and
experimental results. We applied our model to study the behavior of DNA-
copolymers in lipid membranes and vesicles. This work complements the
work of our experimental collaborators working on selective fusion of vesicles,
based on block copolymers containing single-stranded DNA that are placed on
the surfaces of the vesicles. The selectivity in fusion is based on the hybridiza-
tion of complementary DNA strands. Our Martini simulations provide near-
atomic detail on the DNA-polymer-membrane interactions that is used to guide
the experimental work.
[1] H. Ingolfsson, C.A. Lopez, J.J. Uusitalo, D.H. de Jong, S. Gopal, X. Periole,
S.J. Marrink. The power of coarse-graining in biomolecular simulations.
WIREs Comput. Mol. Sci., in press, 2013. DOI:10.1002/wcms.1169.
[2] S.J. Marrink, D.P. Tieleman. Perspective on the Martini model. Chem. Soc.
Rev., 42, 6801-6822, 2013.
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Accurate force field parameters for ions are essential for meaningful simulation
studies of proteins and nucleic acids. Currently accepted models of ions, espe-
cially for divalent ions, do not necessarily reproduce the right physiological
behavior. In our previous work, we found a model, called the multisite-ion
model, where instead of treating the ions as an isolated sphere, we split the
charge into multiple sites (Saxena et al, 2013). With this new model, we
were not only able to achieve accurate coordination geometries around the
ion, but were also able to predict better free energies for proteins and nucleic
acids. Here, we further refine the model by focusing on the behavior of divalent
ions in concentrated electrolyte solutions. With several ions present in water, it
is important that there are no artifacts such as unusual ion-ion pairing or crys-
tallization. Recently, Luo and Roux showed that osmotic pressure could be suc-
cessfully used for refinement of ion parameters in NaCl and KCl solutions. We
use the same method to test and calibrate the multisite-model of Mg2þ and
Ca2þ in concentrated solution with Cl-. We find that after refinement the solu-
tion gets rid of direct ion-pairs, matching the experimentally observed
behavior. Subsequently, we use the refined parameters to observe the depen-
dence of counterions on the flexibility of ssRNA. We compare our results to
smFRET experiments by Chen et al, which show that Mg2þ has more charge
screening efficiency than Naþ on a 40-mer uridylate (rU40).
Saxena, A., & Sept, D. (2013). JCTC, 9(8), 3538-3542.
804a Wednesday, February 19, 2014Luo, Y., & Roux, B. (2010). J. Phys. Chem. Lett, 1(1), 183-189.
Chen, H., Meisburger, S. P., Pabit, S. A., Sutton, J. L., Webb, W. W., &
Pollack, L. (2012). PNAS, 109(3), 799-804.
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A Molecular Dynamics Simulation Study on the Effect of Endogenous
Molecules on SiRNA Polyplexes
Deniz Meneksedag, Tian Tang, Hasan Uludag.
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Small interfering RNA (siRNA) based RNA interference (RNAi) is an impor-
tant therapeutic strategy in treatment of cancer and hereditary diseases. RNAi
is composed of several important stages, the first being siRNA delivery into
cells. Polymeric carriers are used in delivery to aggregate siRNA molecules
into nano-scale polyplexes. Upon delivery of polyplexes into cytosol, siRNA
has to be released to trigger RNAi. However, mechanism of siRNA release
from polyplexes is not clear; how endogenous molecules may affect the sta-
bility of polyplexes in cytosol is yet to be explored. In this study, we per-
formed a series of molecular dynamics (MD) simulations to study the
behavior of siRNA polyplexes in the presence of microRNA (miRNA), the
most abundant nucleic acid inside cells. Polyethylenimine (PEI), known as
a ‘gold-standard’ among polymeric delivery vehicles, was used as the carrier.
miRNAs were introduced into pre-formed siRNA-PEI polyplexes. Quantita-
tive analysis of the MD trajectories was carried out to characterize the change
in the structure, compactness and charge distribution of the polyplex upon
miRNA addition. PEI affinity toward siRNA and miRNA was determined
and compared through individual simulations on siRNA-PEI and miRNA-
PEI complexation. Data obtained from the MD simulations was compared
with gel electrophoresis assays of siRNA-PEI-miRNA mixtures as well as
siRNA-PEI-heparin mixtures; the latter served as a control due to the known
capability of heparin to cause siRNA release. Our results revealed the ability
of miRNAs to bind to pre-formed siRNA polyplexes through electrostatic
interactions with PEI nitrogens. Therefore, upon the addition of miRNA, the
size of the polyplex increased and its charge became negative. In agreement
with the simulations, in gel electrophoresis, at the same concentrations, hepa-
rin was able to release siRNA while polyplexes maintained their integrity in
the presence of miRNA.
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Novel Coarse-GrainedModel forMolecular Dynamics Simulations of DNA
Aleksandra Karolak, Arjan van, der Vaart.
Chemistry, University of South Florida, Tampa, FL, USA.
We have developed and efficient, sequence-specific coarse-grained model to
simulate the conformational motion of large double stranded DNA in molecular
dynamics simulations. The DNA backbone is modeled by beads with DNA
bases represented by sets of three beads, and bead positions are used to
calculate the shift, slide, rise, roll, twist and tilt conformational step parameters
of DNA. With these parameters, elastic deformation energies are calculated
following Olson’s harmonic model (Olson et. al., Proc. Natl. Acad. Sci. USA
95, 11163 (1998)). Specifics of the model and sample simulations will be
discussed.
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RNA pseudoknots compose a three-dimensional structural motif that is present
in the catalytic cores of some ribozymes, and are also capable of stimulating
ribosomal frameshifts. Their complex topology and non-canonical hairpin-
loop composition make pseudoknots an ideal structural motif with which to
study the RNA folding process. Here we report our analysis of nearly 20,000
independent all-atom molecular dynamics simulations of the ribosomal
frame-shifting pseudoknot of Luteovirus and the tmRNA pseudoknot from
Aquifex aeolicus, which share global topology but have only ~50% sequence
similarity. Using the Folding@Home distributed computing network and a
novel Pathway Enumeration sampling method, a cumulative sampling time
of over 115 ms was achieved for each of these pseudoknots. K-means clustering
identified 27 conformational microstates for each pseudoknot, which reached
conformational equilibrium after ~6 ns of ensemble sampling. Multiple folding
metrics were used to identify 9 macrostates participating in the folding process,
including previously undescribed misfolded and intermediate states. In agree-ment with our previous studies of tetraloop hairpins and tRNA, the similar
folding behavior of these pseudoknots suggests that native state topology is a
predominant factor in the RNA folding mechanism.
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In order to investigate the co-transcriptional folding and assembly of the E. coli
ribosomal small subunit (SSU), we applied the structure-based Go model to
fold 16S rRNA fragments with increasing length. The first fragment examined
is the binding domain of S20, which includes the first few local and non-local
helices to be transcribed (h6, h7-h10) in vivo. The simulations show that the
main barriers to the formation of the S20 binding domain are the docking of
the 3’ and 5’ strands of the non-local h7 followed by re-orientation of the
helices in the four-way junction to allow tertiary contacts between h6 and
h8 to be established. These observations suggest the role of the primary bind-
ing protein S20 in stabilizing key tertiary contacts and speeding up the
protein:RNA recognition during the assembly process.
Transcription of rRNA then proceeds to the local five-way junction (5WJ),
which nucleates the assembly of the 5’ domain upon interaction with the initi-
ator and primary binding protein S4. This complex contains the largest contig-
uous ribosomal structure signature, helix h16, which is a conserved feature in
all bacterial 16S rRNAs. We use all-atom molecular dynamics simulations to
demonstrate that the co-evolving signature in the N-terminus of S4 is intrinsi-
cally disordered and capable of accelerating the 5WJ:S4 binding process
through a fly-casting mechanism. The scenario is further confirmed using the
structure-based Go model for protein:RNA, with which hundreds of simulta-
neous folding and binding events between the 5WJ and S4 are captured. Based
on analysis of both explicit solvent MD and structure-based Go trajectories, we
identify multiple metastable states of the 5WJ, and various protein-guided
folding pathways that compare directly with the FRET experiments.Computational Methods II
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Ligand Binding Pathways and Transitions in a Glutamate Receptor
Alvin Yu, Albert Lau.
Johns Hopkins University, Baltimore, MD, USA.
Ionotropic glutamate receptors (iGluRs) are ligand-gated ion channels that are
responsible for the majority of excitatory transmission at the synaptic cleft.
Mechanically speaking, agonist binding to the ligand binding domain (LBD)
triggers a conformational change which is transmitted to the transmembrane
region, opening the ion channel and activating the receptor. We present a
computational study for examining the ligand-binding events and subsequent
LBD closure in molecular detail for the iGluR subtype GluA2 . We develop
and utilize several computational methodologies for analyzing and computing
the free energies associated with different binding trajectories.
4058-Pos Board B786
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G-protein-coupled receptors (GPCRs) play fundamental roles in most physio-
logical processes by modulating diverse signaling pathways and thus have
become one of the most important drug targets. Based on the fact that a variety
of the extracellular signals are mediated in a ligand-specific manner such as in-
verse agonist, neutral antagonist and agonist, quantitative characterization of
the ligand efficacy is essential for rational design of selective modulators for
GPCR targets. As experimental methods used for this purpose are time-,
cost- and labor-intensive, computational tools, if they were systematically
able to predict the efficacy of GPCR ligands, would make a big impact on
GPCR drug design. To tackle this issue, in this study we apply free energy
perturbation molecular dynamics (FEP/MD) simulations to calculating abso-
lute ligand binding free energy for b2-adrenergic receptor (b2AR)/ligand sys-
tems. Based on the characterization of binding free energy change with
respect to simulation time and free energy decomposition, we present that
computationally measured thermodynamic properties can be used as promising
descriptors for discriminating the efficacy of GPCR ligands. In addition, the
simulation results also provide further insights into b2AR activation dynamics
and ligand binding affinity.
